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Abstract

A genericspinningmissilewith ditheringcanadsis
usedto demonstate the utility of an oversetstructured
grid appmad for simulating the aerdynamics of
rolling airframemissilesystems.Theapproad is used
to geneate a modestaerndynamic databasefor the
generic missile The databaseis populated with
solutionsto the Euler and NavierStolesequations.It is
used to evaluate grid resolution requirements for
accurate prediction of instantaneousnissileloads and
therelativeaerndynamicsignificanceof angle-of-attak,
canad pitching sequenceviscouseffects,and roll-rate
effects. A novel analytical method for inter- and
extrapolation of databaseesults is also given.

1. INTRODUCTION

Simulationof the aerodynamic®f rolling airframe
missilesystemgosesignificantchallengedor any com-
putationalapproach. Applicationsof practicalinterest
are characterizedby complex vortical flow and shock
structures. In addition, the geometryof thesemissile
systemscanbe very comple, involving relative motion
betweenmissile body and control surfaces. The flows
arealsoinherentlyunsteady Theaim of this paperis to
demonstratehe utility of Chimerd oversetstructured
grid domain decompositionmethodsin the efficient
generatiorof high fidelity aerodynamicsimulationsfor
this class of problems.

A genericrolling airframe missile is defined in
orderto demonstratehe advantagesand limitations of
anoversetgrid approach. The paperprovidesa techni-
cal descriptionof the genericmissile and the specific
computationalmethodshere employed, and complete
discussionsof the caseconditionsand corresponding
simulationresults. The setof simulationsconsidered
are designedto demonstratethe level of resolution
requiredfor accuratepredictionof surfaceloadsandto
determinethe relative aerodynamicsignificanceof vis-

cousandmissileroll-rate effects. Theaerodynamiger-
formanceof the missileasa function of angle-of-attack
and canardpitching sequencds also considered. A
novel analytical method for describingthese perfor-
mance characteristicsis given. A brief summary
acknavledgementsand list of referencesare provided
at the end of the paper

2. ROLLING AIRFRAME CONFIGURATION

The genericrolling airframe missile employed in
thepresenwork is referredto asFM-3. The FM-3 mis-
sile hasahemisphericahose cylindrical body four fins,
andtwo canards.Detailsof the geometriccompleity of
the missile are illustrated in Figure 1.
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Figure 1. FM-3 missile geometry a) Top view of
entire missile. b) Fins. c) Close-up of canard.
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Thefins aredesignedo inducemissilespin,while
directionalcontrolis actuatedvia canarddithering. As
the missile spins,the canardpitch position follows an
actuatorsignal with constantpitch rate. The actuator
signalflip-flops between+/- 1 accordingto the sign of
the sum of two sine-waves called the commandand
dither signals. The amplitudeof the commandsignal
relative to the dithersignalis calledthe commandevel,
andreflectsthe strengthof theattemptednaneuer. The
commandsignal is modulatedwith the roll-rate. The
dither signalis modulatedwith a ditherfrequeny. Fig-
ure 2 shaws the canardpitching algorithm for a com-
mandlevel of 100%for the specifiedroll-rate anddither
frequeng.

3. COMPUTATIONAL METHODS

3.1 Discretization Method

The “nearbody” and“off-body” domainpartition-
ing methoddescribedn Referenceg and3 is usedhere
asthebasisof discretizatiorof the FM-3 missile. In the
approachthe nearbody portion of a domainis defined
to includethe surfacegeometryof all bodiesbeingcon-
sideredandthe volume of spaceextendinga shortdis-

tance away from the respectte surfaces. The

constructiorof nearbody grids andassociatedhtergrid

connectity is a classicalChimera-styledecomposition
of the nearbody domain. It is assumedhat nearbody

grids provide grid point distributions of sufficient den-
sity to accuratelyresole the flow physics of interest
(i.e., boundary-layersyortices, etc.) without the need
for refinement.This is a reasonableconstraintsince
nearbody grids areonly requiredto extenda shortdis-

tanceaway from body surfaces. Figure 3 illustratesthe

surface decompositiorof the FM-3 missile and shavs

selectedsurfacesfrom the resulting nearbody surface
and wlume grids.

The off-body portion of the domainis definedto
encompasshe nearbody domainandextendout to the
far-field boundariesof the problem. The off-body
domain is filled with overlapping uniform Cartesian
grids of variablelevels of refinementasshown in Fig-
ure4 for the FM-3 missile. Theoff-body grid resolution
amplificationfactorbetweersuccessie levelsis 2. The
nearbody off-body partitioningapproactacilitatesgrid
adaptationn responséo proximity of bodycomponents
and/orto estimate®f solutionerrorwithin thetopologi-
cally simple of-body grid system.
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Figure 2.

Canard pitching algorithm for roll-rate of 8.75 Hz, dither freqyeni35 Hz, and 100% command/é.
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Figure 3. FM-3 surfacegeometrydecompositioranc
nearbody grids. a) Surfacedecompositiorof missile
body b) Decompositionof canard surfaces anc
selectedsurfacesrom correspondingrids. ¢) Decom:
positionof fin surfacesandselectedsurfacesfrom cor-
responding grids.

Note: Surfacegeometrydecompositiorand nearbody grid genera
tion accomplished using\@RGRID utility from CGT.

nearbody grid
components

Figure 4. FM-3 nearbody and off-body partitioning
and selected swates.

3.2 Solution Method

The setof FM-3 missile simulationspresentedn
this paperrepresent wide variety of conditionsandare
productsof the OVERFLOW-D3® code. OVERFLOW-
D is basedon versionl.6auof the well knovn NASA
OVERFLOW® code, but has been significantly
enhancedo accommodatanoving body applications.
The OVERFLOW-D enhancementsepresentin-core
subroutineactuatedoperationsand include the follow-
ing capabilities.

i. On-the-flygeneratiorof off-body grid systems.

ii. MPI® enabled scalable parallel computing.

iii. Automatic load balancing.

iv. Aerodynamic force and moment computations.

V. General 6-dgrees-of-freedom model.

vi. Rigid-body relatve motion betweenan arbi-
trary number of bodies.

vii. Domain connectity.

viii. Solution error estimation.

ix. Grid adaptationin responseto body motion
and/or estimates of solution error

Themajority of the FM-3 simulationgpresentedh
this paperinvolve relative motion betweengrid compo-
nents. The entire missile spinsrelative to the inertial
off-body grid systemandthe canardgdither relative to
the missilebody The pseudo-coddelaov outlinesthe
generalprocedureusedin OVERFLOW-D to carry out
such simulations. Of course,the flow equationsare
solved at every time-stepduring a simulation. In cases
thatinvolve relative motion betweerconfigurationcom-
ponents,body dynamicsand domain connectvity are
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alsoaddressedt eachtime-step. In the caseof the FM-

3 missile, body dynamicssimply meansthe computa-
tion of aerodynamid¢oadsandmoving the missilecom-
ponentsaccordingto a control-lav. Specifically the
rotational orientationof the missile is positionedas a
function of time andtheroll-rate. The position of the
canardselative to themissilebodyis determinedy the
canard dither algorithm (illustrated in Figure 2).

For N time-steps

do every step

* Solve flow equations

* For Moving Body Problems
- Body dynamics
- Domain connectivity

do every mt" step

= Adaptive Refinement
- Error estimation
- Off-body re-partitioning
- Solution transfer
- Domain connectivity

Pseudo-Code.  Solution procedure (with adaptve
refinementcapability) for unsteadyproblemsthat may
involve relatve motion between component parts.

Sincethe missile movementis continuous,the
relative positionof mary grid componentghangeevery
time-step. In orderfor solutioninformationto be cor-
rectly exchangedbetweengrids during the simulation,
the domainconnectvity solutionmustalsobe continu-
ously updated. This is accomplishedautomaticallyby
OVERFLOW-D.

The OVERFLOW-D processingrate for static
geometryviscousflow applicationss about15usecper
grid-pointpertime-step(300MHz processor).For mov-
ing-body problems, the processingrate is somavhat
problemdependentbut generallyfalls in the boundsof
15to 18 psecpergrid-pointpertime-step. For the FM-
3 spinningmissile casesconsiderechere,the numberis
16.5pusecper grid-pointpertime-step. OVERFLOW-D
accommodategroblem sizes of more than 2 million
grid-pointsper 1 gigabyteof memory Maximum paral-
lel efficiency (percentagén high 90’s) is realizedwhen
the fewestnumberof processorshat canaccommodate
a given problemin core memoryare selected. OVER-
FLOW-D can efficiently (i.e., over 70%) make use of
larger numbersof processordor a fixed problemsize

when eachprocessorassumeghe load of at least250
thousandoints. Load balancingis an automaticfunc-
tion of OVERFLOW-D.

As indicatedin the pseudo-codeabore, OVER-
FLOW-D accommodatesolution adaptationbasedon
the position of nearbody grid componentsand/or in
responsdo estimatesof solution error.  The off-body
grid managemergchemaeallocatedevel-1 (finest)reso-
lution grids to accommodatsignificantmotion of body
component®r flow featuredeforethe next adaptcycle.
Accordingly, adaptcycles are only required periodi-
cally; every 25 to 50 time-stepsin a typical unsteady
simulation.

In theFM-3 missilecasesonsideredhere all flow
featuresthat arelikely to have ary significantaffect on
the surfaceforcesandmomentsare confinedto the vol-
ume of spacewithin a missile diameterof the body
itself. Theseinclude canardvortices, boundarylayer,
and key portionsof the shock systems. Accordingly,
OVERFLOW-D inputis usedto allocatelevel-1 resolu-
tion capacityto a distanceof 1.5 diametersfrom the
missile surface, rather than enable adaptation in
responseo solutionerror. A slight savingsin computa-
tional oserhead is therebyained for the present cases.

4. SIMULATION RESUITS

A setof FM-3 missile simulationsis carriedout to
demonstratéhe level of resolutionrequiredfor accurate
predictionof surfaceforcesand momentsandto deter-
mine the relative aerodynamicsignificanceof viscous
effects, missile roll-rates (Q;), canardcommandlevels
(), andfree-streanangles-of-attacka). A total of 31
FM-3 simulationsform the basisof the material pre-
sentedn this paperconcerningtheseissues. The flight
conditionsfor the casesareindicatedin Table1l. The
parametervariedto obtainthe completesimulationset
are free-streamangle-of-attackcanardpitch command
level, andmissileroll-rate. Theothersimulationparam-
etersindicatedin the table are held fixed and are com-
mon to all cases considered.

Table 1. Simulation Rrameters

Mach number |1.6

Reynolds numbef50 x 10°
Ditherfrequeng |35 Hz

a | Angle-of-attack | 0°, °, &, 4°, &, 12, 15’
¢ |Command leel |0%, 100%, 200%

Q, | Roll-rate 0 Hz, 8.75 Hz
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The generalcharacteristicof the FM-3 flow field
areillustratedin Figure5. Vorticesare shedfrom the
inboard and outboardtips of the canardand cornvect
down the length of the missileinteractingwith the vis-
cousboundarylayer Away from the influenceof the
boundary layer, the outboard canard vortices twist
approximately8° aroundthe spinning missile in one
body-lengthof travel. As canbe seenin thefigure,dis-
ruptionsto the boundarylayer by the inboard canard
vorticesaredraggedhroughnearly45° of roll over the
sameinterval. Theshockstructurds indicatedin Figure
5b The boundarylayer growth on the uppersurfaceof
themissileis alsovisiblein thefigure. A positive angle-
of-attackandvortex/boundarylayerinteractioncombine
to exaggeratethe boundarylayer thicknessdown the
stream-wise axis of the missile.

Outboard canard

Inboard canard

Vortex/Boundary Iayér’ '
interaction

b)
Figure5. Aerodynamicof the FM-3 spinningmissile
with ditheringcanards. a) Vortex structure. b) Shock
structure.Q, = 8.75 Hzc = 0%,a = &.

4.1 Resolution Requirements

A grid refinementstudy is usedto determinethe
level of spatialresolutionneededto accuratelypredict
the integratedFM-3 surfaceloads. The significanceof
grid resolutionis evaluatedhereby comparingviscous
solutionsfor the spinningmissilecasedefinedin Tablel
with the variableparameterg, a, and Q, fixed at 0%,

3% and8.75 Hz, respectiely. A very high resolution
grid is usedto definethe baselinesolution. Mediumand
coarsesolutionsare obtainedon grids derived from the
baselinegrid with successiely lower levels of spatial
resolution. The qualitatve effect of coarseningon the
surface geometryis shaowvn in Figure 6. A very high
fidelity temporal resolution(viz., 12,000time-stepger
missile revolution) is uniformly employedin all of the
viscous simulations.

V3 (coarse)

Figure 6. Fine, medium,and coarsegrid representa
tions of FM-3 canards and fins.

The baselinegrid for this case(finestresolution)is
comprisedof 41 million grid pointsandis referredto
hereaftemstheV1 (i.e.,“Viscous-1")grid. Isolatedsur-
facesfrom the V1 grid are shavn in Figures3 and 4.
Theflow characteristicdlustratedin Figure5 arefrom
asimulationusingtheV1 grid. All grid lengthsreferred
to in the following discussionare normalizedby the
missile body length. Viscous spacingnormal to the
bodysurfacesis 2.5x 10° in theVv1 grid. Thiscorre-
spondgo ay” of 1 for aReynoldsnumberof 10 million.
This spacingis maintaineduniformly acrossthe first 6
cellsin the viscousdirectionandthenexpandedwith a
geometricstretchingratio of 1.2to a distanceof approx-
imately 0.015. The maximumspacingusedin the near
body grids is approximatelyequal to the level-1 off-
body grid spacingwhich is 0.0013,or approximately
0.1% of the body length.
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The V1 grid is the basisof the medium(V2) and
coarse(V3) grids. The V2 grid is obtainedby deleting
approximatelyevery otherpoint from the V1 grid in all
threespatialdimensionsandresultsin a grid with just
over 8 million points. Similarly, theV3 grid is obtained
from the V2 grid by deletingapproximatelyevery other
point from the V2 grid in all three spatialdimensions
andresultsin a grid with justover 2 million points. The
foregoing is true subject to the folling qualifications.

i. Somesurfacegrids requireredistritution and/

or additionof grid-pointsto presere geometric
featuressuchassharpcornersthroughthe two
subsequent eliminations ofery other point.

ii. Smoothings appliedto geometrideatureghat

are not adequatelyresohed by the coarser
grids. For the V2 grid, smoothings appliedto
the canardcut-outandthe missilegroove. For
the V3 grid, the canard cut-out, the canard
shaftandthe missilegroove areremoved com-
pletely
The grid spacingin the surfacenormal direc-
tion for the V2 grid correspondspproximately
to every otherpoint for the V1 grid, doubling
the initial spacing from the a¥.
The grid spacingin the surfacenormal direc-
tion for the V3 grid startsat the surfacewith
the V2 spacingdoubled.The stretchingratio
thereafteris approximatelythe sameasin the
V2 grid.

Considemow the computedoad historiesobtained
from simulationsusingthe V1, V2, andV3 grids. Fig-
ure 7 shawvs the computedhormalforce (Cz) history for
the three different resolution capacities. The canard
pitch anglehistory is alsoindicated. The V1 and V2
results are in good agreement,except at maximum
canarddeflection. At high canardlift, the strongvorti-
cesshedfrom the canardamodify the pressuredistribu-
tion on the fuselageand the tail fins. Still, the roll-
averagedhormalforcesfrom V1 andV2 shavn in Table
2 differ by lessthan0.3%, indicating neargrid corver-
gencefor this quantity The V3 result differs signifi-
cantly from V1 and V2.

Thedatarepresenteth Figures8 and9 obsere the
sameform asthatusedin Figure7. However, Figures8
and9 displaysideforce (Cy) andaxial force (Cx) histo-
ries, respectiely. The side forces exhibit the same
effect as for the normal forces at maximum canard
deflection. The roll-averagedside-forcesare close to
zero,with a differencebetweenvl andV2 of lessthan
0.02%of the normalforce, indicatinggrid corvergence
for this quantityalso. In contrastthe axial forces(see

Table 2. Roll-averaged force and moment coefs.*

Coeficient | Fine (V1) | Med. (V2) |Coarse (V3
Cx (axial) 1.17 1.12 1.07

Cy (side) -7.56e-03| 2.76e-03 | -1.21e-03
Cz (normal) 0.461 0.462 0.538
Cmx (roll) | -1.19e-03| -1.08e-03 | -0.94e-03
Cmy (pitch)| -6.79e-03 | -3.11e-03 | -3.45e-02
Cmz (yav) | 2.80e-03| 3.52e-03 | -9.55e-04

“Moments are about the missile center of/gya

Figure9), indicatea systematicshift higherfor finerres-
olution.  The difference betweenV1 and V2 axial
forcesis approximatelythe sameasbetweerthe corre-
spondingV2 andV3 results. Clearly, grid corvergence
is not apparent in the computed axial force data.

Figures10 and11 breakdown the axial forcesinto
pressureandviscouscomponents.TheV2 andV3 solu-
tions are almostidentical for the pressurecomponent;
and V1 hasa systematicshift to a highervalue. The
contribution to this shift comesmainly from the aft part
of the missile. This region of the flow hascomplicated
interactionsbetweenthe expansionwaves aroundthe
boat-tail, shocksaroundthe tail fins, andthe boundary
layer TheV1 andV2 viscouscomponentgo the axial
forcediffer by approximately2% of thetotal axial force,
slightly lessthanthe differencebetweenthe V2 andV3
results. The total roll-averagedaxial forcesare shovn
in Table2. Themediumandcoarsesolutionaxial forces
are 4% and 8% lower than for the correspondindine
solution. The reasongrid corvergencein axial forceis
not demonstrablevia the currentsetof solutionsis not
clear It maybethatwhile theV1 grid hassuficientres-
olution in the boundarylayer, the V2 and V3 viscous
spacing(doubleand quadruplethat of V1) is not suffi-
cient.

Figure 12 shaws the pitching moment(Cmy) about
thecenterof gravity for theV1, V2, andV3 simulations.
Themissilecenterof gravity is locatedapproximatelyat
the missile midpoint. As is the casefor normalforce,
the differencedn pitching momentare largestat maxi-
mum canarddeflection. Still, the overall agreements
very good. The differencebetweerntheVV1 andV2 roll-
averagedpitchingmomentsareapproximatelyl% of the
maximum pitching momentduring a revolution. The
roll-averagedpitching momentsare shovn in Table 2.
The percentagef maximum pitching momentis used
here as a measureof grid cornvergencesince the roll-
averaged moments are all nearly zero.

Figure 13 shaws the yawing moment(Cmz) about
the centerof gravity. The agreemenis very good,with
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someminor differencesat maximumcanarddeflection.
The differencebetweenthe V1 and V2 roll-averaged
yawing momentsare approximately0.2% of the maxi-
mum pitching momentduring a revolution. The roll-
averaged yaing moments are sha in Table 2.

The rolling moment(Cmx) is shavn in Figure 14.

As expected,the momentsare small. The difference
betweenthe V1 and V2 roll-averagedrolling moments
are approximately 0.03% of the maximum pitching
momentduringarevolution. A steady-statéreely spin-
ning missileshouldhave anaveragedolling momentof

zero. Theoverall patternhereis in fair agreementbut

the detailsdiffer significantly The rolling momentis

sensitve to flow detailsaroundthe tail fins, with com-
plex interactionsdbetweerthe boundarylayer, thecanard
vortices and the shocks,which again dependon the
accuratepredictionof the flow alongthe entire missile.
Grid convergencefor so small a quantity asthe rolling

momentis beyond the capacity of the presentset of

grids.

Theeffectof grid resolutionon the predictionof the
aerodynamidetailsof the flow is illustratedin Figure
15. Figuresl15a, 15b, and 15c provide a comparatre
view of the canardvorticesand missile boundarylayer
interactionvia plots of helicity density(i.e., dot product
of the velocity andvorticity vectors)at several stations
alongthelengthof themissile(for aroll-angleof 268.5

at maximumnegative canarddeflection). The position
of thevorticesarein goodagreementor theVV1 andV2
solutions. However, the vortex strengthis wealer and
interactionsbetweerthe inboardcanardvortex andvis-
cousboundarylayer of the missilebody arelessappar-
ent in the V2 solution. The V3 solution differs
significantly from the V1 and V2 solutionsin vortex
position, strength,and vortex/boundarylayer interac-
tion.

Thegrid refinementesultssuggesvery goodover-
all agreemenbetweerthe V1 andV2 solutionsthough
somedifferencesareapparent.Still, theV2 grid offersa
good compromisebetweensolutionaccurag andsolu-
tion throughputfor computationsdesignedto predict
aerodynamidorcesandmoments.As notedabore, grid
convergenceof all forces and moments(except axial
force and rolling moment) are obtained.

4.2 Mscous Ffects

A comparatie evaluation of very high resolution
Navier-Stokes and Euler simulationsis usedto deter-
mine the relative significanceof viscouseffects opera-
tive in the rangeof flight conditionsconsideredor the
FM-3 missile. The caseconditionsdefinedin Table 1
aretaken asrepresentate of theseflight conditions. A
static FM-3 caseis first consideredwhere the missile
roll-rateis zeroandthe canardsarefixedin neutralposi-
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Figure 15. Fine, medium,and coarsegrid solutionsfor the FM-3 missile (snap-shotat a roll-angle of 268.%).
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tion. The fundamentaldifferencesbetweenstatic vis-

cous and inviscid solutions are apparentand are

germaneto spinningcases. A spinning FM-3 missile

with ditheringcanardscaseis thenconsideredn detail

for acommandevel of 0%, free-streamangle-of-attack
of 3°, and missile roll-rate of 8.75 Hz.

The V1 solutionconsideredn Section4.1 is used
asthe basisof comparisonfor a correspondinglyhigh
resolution inviscid simulation. The high resolution
inviscid, or “Euler grid,” is referredto hereafterasthe
E1 grid system. The E1 surfacegrids andoff-body vol-
umegrids areidenticalwith the correspondingcompo-
nents of the V1 grid system. The only differences
betweenthe E1 andV1 gridsis the surfacenormaldis-
tribution of pointsin therespectie nearbodygrid com-
ponents. The E1 surface normal wall spacingis 20
timesthatof the V1 grid. 33 million pointsareusedto
definethe completeE1 grid comparedo the 41 million
points used in V1.

The computationalsavings available by assuming
inviscid flow aresignificant. In the presenthigh resolu-
tion cases20%fewer grid pointsareusedin theE1 sys-
temthanin the V1 system. Due to the larger surface
normal wall-spacing,larger stabletime-stepsare also
possible- a At increaseof 5 timesis usedin the present
E1simulationsallowing for nearly2,500stepsper mis-
silerevolution. In thepresensimulationsthecombined
effectsof fewer grid points,fewer floating-pointopera-
tionsrequiredpergrid point, andlargertime-stepsesult
in an order of magnitude savings in computational
expense.

4.2.1 Static Geometry FM-3 Case

Considerthe qualitative differencesbetweenvis-
cousandinviscid FM-3 missile solutionsfor zeroroll-
rate and neutralcanardpositioning. Thesedifferences
characterizesomeof the trendsthatareapparentor the
spinning missile and canard dithering conditions of
interesthere. The vortex structureof the viscousand
inviscid non-spinning=M-3 missilesolutionsareshavn
in Figure 16. The correspondinghock structureand
surface pressuredistributions for the two casesare
shavn in Figures 17 and 18, respe&ety.

The position and strengthof the outboardcanard
vortices are essentially identical in both solutions.
However, theinboardcanardvorticesdiffer significantly
in both strengthand position. Opposedby the viscous
actionof theboundaryayer, theinboardcanardvortices
of the viscoussolutionarewealer andtraversea differ-
ent path than their inviscid counterparts. The inboard

canardvortices (viscous case)also pull the boundary
layer of the missile sudce near the tail.

At the missile nose,the shockstructureis similar
for the viscousand inviscid solutions. The main fea-
turesarea normalshockin front of the nose,anoblique
shockabore andbelowv the nose,expansionaroundthe
two sharpcornersbetweennoseand fuselage,and the
shocksin front of the canards. The local influenceof
the canard on the fuselage pressuredistribution is
smearedsomavhat in the viscous case, due to the
boundarylayer The expansionand compressiorover
thegroove is similarly wealer in theviscouscasedueto
the boundarylayer At thetail, theinteractionbetween
the boundarylayerandthe expansion-vavesandshock-
waves influences the pressure disitibn significantly

4.2.2 Dynamic Geometry FM-3 Case

Consider viscous and inviscid solutions for the
spinningFM-3 missile (Q, = 8.75Hz andQq = 35 Hz).
The correspondingroll-averaged force and moment
coeficientsaregivenin Table3. Figure19 shaowvsthe
normalforce historiesover onerevolution. Theviscous
and inviscid computationsagreewell, except at maxi-
mum canarddeflection,where there are instantaneous
differencef upto 20%. Theinfluenceof thedeflected
canardonoverallforcesappeamorepronouncedn the
inviscid case thoughthis is anindirect effect. Figures
20, 21, and 22 decomposéhe normalforce into contri-
butions from the canards,fuselage,and tail section,
respectiely. Thereis almostno differencebetweerthe
viscous and inviscid canard normal force histories
shavn in Figure 20. The over prediction of normal
forcesat maximumcanardanglesin the inviscid solu-
tion arerealizedfrom pressuredistribution differences
alongthefuselageandtail sections.Thevortex systems
shedfrom the canardsnteractwith thefuselageandtail
fins differently in the viscousand inviscid solutions.
Theinviscid inboardcanardvorticesaretoo enegetic
and positionedincorrectly leading to the differences
seenn Figures2l1and22. Thesameeffectsaretruefor
the side forces shon in Figure 23.

Table 3. Roll-averaged force and moment coefs.*

Coeficient | Viscous (V1) | Inviscid (E1)
Cx (axial) 1.17 1.10

Cy (side) -7.56e-03 -19.6e-03
Cz (normal) 0.461 0.449
Cmx (roll) -1.19e-03 -1.65e-03
Cmy (pitch) -6.79e-03 -1.06e-03
Cmz (yav) 2.80e-03 9.17e-03

“Moments are about the missile center of/itya
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inviscid

viscous

Figure 16. Vortical structure for static geometry FM-3 missile. M, = 1.6, Re = 50x10, o = 3°.

viscous

inviscid

Figure 17. Shock structure for static geometry FM-3 missile. M, = 1.6, Re = 50x10’, o = 3°.
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a) viscous

b) inviscid

inviscid

viscous

d)
Figure 18. SurfaceCp distributionsfor staticgeometry=M-3 missile. m_, = 1.6,Re=50x10, a = 3°.
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The reasonthat the viscousand inviscid solutions
agreevery well everywhereexceptat maximumcanard
deflectionis evidentin the vortical structuresshavn in
Figure24. Figure24ashaows cutting planeswith helic-
ity densitycontoursat several stationsalongthe length
of the missile for a roll-angle of 61.5°. At this roll-
angle,the canardis in transitionbetweenthe maximum
positive andnegative canardpitch angles. Vorticestrail
eachcanardin countefrotating pairs. Wheneer the
canardssnapfrom positive to negative (or negative back
to positive) pitch angle the rotationalsenseof the vorti-
ces also neerse direction.

This effect is clearly evident in the instantaneous
snap-shotof the vortical field shavn in Figure 24a.
From the canarddownstreamto aboutthe missile mid-
point, the vorticesbecomewealer andfinally disappear
From the midpoint backto the tail section,the vortices
re-appearrotating in the opposite senseand growing
slightly in strength. The history of onetransitioncycle
is capturedin this image. Vortex interactionwith the
boundary layer is minimal during canard transition.
Accordingly, the viscousand inviscid solutionsare in
very good agreementfor all roll-angles where the
canards are in transition.

Figure 24b shaws cutting planeswith helicity den-
sity contoursat several stationsalongthe length of the

missilefor aroll-angleof 84°. Theinstantaneousolu-
tion indicatedin the figure correspondgo the comple-
tion of nearly 20 degreesof missilerole, or 2.5 missile
body-lengthsof travel, with the canardspositionedat
maximum negative deflection. The fully developed
canardvorticesprevail well pastthe missile. Thevorti-
cesinteractwith eachotherandwith theboundarylayer.
Theinboardcanardvorticesarewealenedby thebound-
ary layer, reducingtheforce peaksasseenn thenormal
and side force histories of Figures19 and 23. The
inboard canardvortex/boundarylayer interactionsare
entirely unaccounted for in arviscid simulation.

The roll-averagedaxial force for the viscoussolu-
tion is about8% higherthanthe correspondingnviscid
solution(seeTable3). Figure25 shavsthecorrespond-
ing axial force historiesover onerevolution. Approxi-
mately60%of the differencenotedbetweertheviscous
andinviscid axial force is dueto viscouswall stresses.
The remaining40% of the differenceis due to spatial
variationsin the surface pressuredistributions. The
pressurecontribution to axial force in the viscoussolu-
tion is comparedseparatelyn Figure26 with theinvis-
cid axial force. Boundarylayer/shockinteractionsin
the viscoussolutionleadto differencedn overall shock
structureand surface pressuredistributions, accounting
for these diferences.

b) Maximum neative canard deflectio, = 84°

Figure 24. Vortical structurefor vsicousFM-3 spinningmissilecase. M, = 1.6,Re = 50x10, a = 3°, ¢ = 0%,

Q,=8.75HzQ4 =35 Hz.
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Figure 27 shaws the pitching momentabout the
missile center of gravity. The viscous solution has
higherpeaks. The strongervorticesin theinviscid solu-
tion interactwith the fuselageand tail fins, addinga
momentthat counteractshe momentfrom the canards.
A similar effect canbe seenfor the yawing momentin
Figure 28.

Based on the high resolution viscous (V1) and
inviscid (E1) simulations,a few statementgegarding
therelative significanceof viscouseffectson FM-3 mis-
sile performance are justified.

i. Instantaneouside-andnormalforcesdiffer up
to 20%. Thisis dueto differencesn interaction
between the vortex system shed from the
canardsand the fuselageboundarylayer and
tail fins.

ii. The axial forcesdiffer by about8%. The vis-
couswall stresseaccountgor 60% of this dif-
ference.

iii. Euler computationgrovide valuableinforma-
tion, but viscous effects should ideally be
included in detailed studies.

4.3 Roll-Rate Hects

An importantobjective in consideringthe utility of
computationaimethods(and physical experiments)for
rolling airframemissile systemss the accuratepredic-
tion of roll-averagedforces and moments. A large
parameterspacecan easily exhaustcomputational(or
experimental)resourcesmaking it importantto elimi-
nateparametersf secondarymportance. The spinning
missile casedefinedin Table 1 have aroll-rate of 8.75
Hz, which allows for only 8° of missileroll per body-
length of travel. It seemsplausiblethat for a given
pitching sequenceand moderateangularvelocity, the
roll-averagedforces may not be sensitve to roll-rate.
The relative significance of roll-rate effects in this
regime are determinedhere by evaluating differences
betweersolutionshaving roll-ratesof zeroand8.75Hz.
Thebaselindlight conditionsdefinedin Tablel andthe
V2 grid systemareusedin all cases. The canardcom-
mandlevel is 0% andthe free-streanangle-of-attacks
3°.

The 8.75 Hz spinningmissile caseis discussecht
lengthin Section4.1 andresultsusingthe V2 grid sys-
temaregivenin Table2 andFigures? throughl15. The
“zero” roll-rate casesconsideredn the presentsection
for comparatre purposesare generatedin a discrete
quasi-staticfashionfor the sameroll-angle and canard
dither cycle. The quasi-staticresultsfor the zeroroll-

rate condition can be obtainedin one of several ways.
Two olvious ways are as folles.

i. Staticgeometry Startwith the desiredmissile
roll and canard pitch angles fixed in free-
stream conditions. Drive the corresponding
solutionto convergencein steady-statenode.
Switch to time-accuratemode (static geome-
try) andcontinuethe solutionto determinethe
temporal state of the flo

ii. Frozengeometry Freezethe geometryof the
8.75 Hz spinning caseat the desiredmissile
roll andcanardpitch angles.Initialize the solu-
tion with the correspondingnstantaneouspin-
ning result obtained previously (see Section
4.1). Hold the roll and canardpitch angles
constantand run the simulation time-accu-
rately until thefalse-transienliesandto deter-
mine the temporal state of thewlo

Figure 29 shaws the time-history of the normal
forcethatresultsfrom the “static geometry”and“frozen
geometry”approachegorrespondingo a roll-angle of
15(° and-6.95 canardpitch angle. The normalforce
coeficient is plotted versus “relative” time-step,
becauséoth steady-statandtime-accuraténtegration
areusedduringthe corvergencehistories. For the static
geometrycase,the solution is run to corvergencein
steady-statenode. At relative time-stepzero,the time-
integration schemeis switchedto time-accurateanode
andrunfurtherasshown. In all, morethan15,000time-
stepsareneededo obtaina corvergedsolutionwith this
approach. The numberof time-stepgor iterations)can
be reducedwith alternatve integration schemege.g.,
dualtime-steppingmultigrid, etc.), but the effort is still
asignificantfraction of the costof computinga full rev-
olution for a dynamic case.

In the frozen geometryresultshovn in Figure 29,
the instantaneoussolution from the spinning missile
caseis usedfor initial conditions. At relative time-step
zero, the missile orientationis frozen to the identical
state usedwith the static geometryapproachand the
solutionis commencedime-accurately Cz quickly set-
tles(in lessthan500steps)to a valuethatis identicalto
the Cz obtained from using the static geometry
approach. Time histories for the other forces and
momentsshowv similar behaior. A comparisorof the
two methods can be summarized as fefio

i. Thetwo methodsprovide the sameresultsfor

forces and moments.

ii. A restartfrom the dynamicflow-field provides

a steady-statesolution at least20 times faster
than starting from scratchfor this particular
roll-rate.
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iii. Even if the problem turns out to be quasi-
steady it is more efficient to run through a
dynamiccomputationratherthan computinga

series of static solutions.

The differencebetweenthe frozen geometryinitial
solution and the cornverged static geometry solution
directly shaws the point-wiserelative effect of roll-rate.
Figure 30 shawvs a comparisonof 6 static solutions
(obtainedvia the frozengeometrymethod)to the time-
accuratesolution for the 8.75 Hz spinningcase. The
correspondingstatic and dynamic resultsare in good
agreement.For roll angles3@®, 9C°, 21 and27(, the
dynamicresultslag the staticresultsby a few degreesof
roll angle. For theroll angles150° and33(, the canard
is in the middle of a canard"snap" betweenthe two
extreme deflections. This causesa dynamic inflow
effect, with botha delayandlargerchangef forceson
the canardghanwhatis sustainedn a staticconfigura-
tion of the missile. At 15 roll angle,the force over-
shootoutweighsthe lag effect, and shifts the dynamic
solution aheadof the static solution. At a roll angle
33, the efects seem to cancel.

The other forces and moments (except rolling
moment)shawv similar behaior. The rolling moments
differ significantly Thisis not surprising,sincetheroll-
ing momentis generatedy the tail fins for which the

vorticity dynamicsbecomesignificant. Since the V1,
V2, andV3 grid resolutionstudy doesnot demonstrate
convergencefor therolling moment,ananalysisof roll-
rate efects on rolling moment is not attempted here.

In a studyof the significanceof roll-rate effectson
the FM-3 missileaerodynamicssix datapointscanonly
give anindicationof the completephenomenonStill, it
seemplausiblethatmoderatechange®f roll-ratein the
rangeof 0 - 10 Hz shouldnot affectroll-averagedorces
significantly

4.4 Computational Expense

The FM-3 missilecasesorvergeto a periodically
repeatingsolutionin approximately46(° of roll. The
computationakexpenseof eachV2 time-accuratesolu-
tion is approximately438 hoursof CPU time on a 300
MHz processolviz., SGI Origin 2000) per revolution,
or 560 CPU hourspercase. Most of the V2 resultspre-
sentedn this paperarethe resultof runsusing16 pro-
cessorswith a processingateof 35 hourspercaseand
approximately 95% parallelfefiency.

The OVERFLOW-D performanceaterealizedfor
the V2 solutionsjustifies the contemplationof aerody-
namic databasepopulation with Navier-Stokes solu-
tions. Maximum parallelefficiency percaseis realized

American Institute of Aeronautics and Astronautics

21



15 \ —

Cz []

| | |

11

T T T T T 1
— Dynamic

$  Static
| — — Canard Pitch

|

o
Canard Pitch [-]

1\ 1 1\

_05 1 11 1
0 90

1 1 L -1
120 150 180 210 240 270 300 330 360

Roll Angle [Degrees]
Figure30. Roll-rate efiects in NORMAL FORCE coétient.

when the minimum number of processorsthat will
accommodatehe casein core memoryis used. Four
processoraresuficient for the V2 solutions(assuming
1 gigabyte of memory per processor). Simultaneous
computationof multiple casedeadsto perfectparallel-
ism in the generationof solutionsets. For example,a
256 node SGI Origin 2000 can execute64 FM-3 cases
simultaneouslyyielding a throughputof approximately
330casegpermonth. A databas@opulatedby corven-
tional means (i.e., physical experiments) does not
requiremary more pointsthanthis. For a rolling air-
frame, suchas the FM-3, approximately600 spinning
missile datapoints is sufficient for a parameterspace
that includesMach number angle-of-attackcommand
level, and roll-rate.

5. AERODYNAMIC PERFORMANCE

5.1 Simulation Results

Given an understandingof the grid resolution
requirementsindtherelative significanceof viscousand
roll-rate effects,a matrix of caseds definedto evaluate
the aerodynamicperformanceof the FM-3 spinning
missile subjectto variationsin free-streamangle-of-
attack(a) andcanardcommandevel (c). Thebaseline
conditionsfor the casematrix are definedby the fixed
parametersf Tablel (M, Re, andQg) andwith the

roll-rate (Q,) setto 8.75Hz. The matrix consistsof 21

uniguecaseglefinedby varyinga andc overtheranges
indicatedin Tablel (viz., a = Q°, 2°, 3°, 4°, 8°, 12°, 15°

andc = 0%, 100%,200%). The pitchingsequencethat
resultfrom the threecommandevels areshavn in Fig-

ure 31.

The results given in Section 4 demonstratethat
although inviscid computationscan provide valuable
informationaboutthe FM-3 spinningmissile,thereare
significantviscouseffects(e.g.,fuselageboundarylayer
dampingof theinboardcanardvortex). Theresultsalso
indicate that the mediumresolutionviscousgrid (V2)
yields comparableesultsto the 41 million point base-
line viscousgrid (V1). Accordingly the casematrix
considerechereis populatedentirely with viscoussolu-
tionsusingthe V2 grid system. Theresultsof Section4
also suggestthat roll-rate effects are not importantfor
the parametespaceof interesthere. However, the cost
of generating21 time-accuratespinning missile solu-
tions to populatethe casematrix is far lessexpensve
than generatinga comparabledata basecomposedof
guasi-staticsolutions. Time-accuratesimulationdatais
therefore used.

The normal forcesfor the 7 caseswith command
level 0% are shawn in Figure 32. The corresponding
results for the 100% and 200% command level are
shavn in Figures 33 and 34, respeety. Results for
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the 2° and 4° angle-of-attackfall smoothly between
neighboringdatapoints,and are omitted in the figures
for clarity. The effect of increasedx at eachcommand
level is a shift of the normalforce curvesupwards,with

alimited changen variationwith roll-angle. Thedirect
contritution of the canardsto instantaneousormal
forcedominateall othersources.However, thefuselage
andtail sectioncontributionsarenotinsignificant(recall

Figures20 through22). Still, the variationin fuselage
andtail-sectioncontritutionsto normalforce area sec-
ondary effect of canardposition and resulting vortex/

body interaction.

The side forces for the 7 casesat 0% command
level areshavn in Figure35. Again, resultsfor a = 2°
and4° are omitted for clarity. The effect of o hereis
lessclearthanfor the normalforce. An increaseof a
increaseghe variation of side force. An interesting
resultapparenin Figure 35 arenon-zerosideforcesat
roll-anglesof 0° and 180° (canardshorizontal). Thisis
due to the induced circulation from the missile spin
interactingwith the vertical componenbf the upstream
velocity vector This is similar to the Magnuseffect on
a spinning golf-ball.

The roll-averagednormalforcesare shawvn in Fig-
ure 36 and, consistentwith the trend in Figures 32

through 34, increasewith commandlevel. The roll-
averagedsideforcesareshown in Figure37. Theside-
forcesincreasewith commandlevel. Further at each
commandevel, thesideforce goesfrom positive to neg-
ative with increasingangle-of-attack. The negative
side-forceat high a is causedpartly by the Magnus
effect asmentionedearlier For arotatingcylinder, the
Kutta-Joulkwski theorem can bevaluated as folls:
Cy = —4sin0(8—|: 1)
wherea is the angle-of-attackQ the cylinder spin-rate,
L the cylinder length,and U_ the speedof the free-
streamflow. Theresultis shovn in Figure37 for com-
parison.

Theroll-averagedpitching momentsaboutthe cen-
ter of gravity areshown in Figure 38. Theincreasean
pitchingmomentwith commandevel is consistentvith
theincreasan normalforcefor thecanard.A changen
commandlevel to maneuer the missile affects the
pitching moment in a similar manner forfdifenta.

Theroll-averagedyawing momentsaboutthecenter
of gravity areshavn in Figure39. The negative contri-
bution from anincreaseof commandevel is consistent
with the increasein canardside-force. The effect of
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inducedcirculationseenon the side-forcehardly modi-
fies the yawing momentabout the center of gravity,
sinceit is relatively evenly distributedalongthe missile
length.

5.2 Interpolation of Results

The roll-averaged inertial-frame forces and
momentsarethe objectof analysisn precedingsections
of this paper Indeed the unsteadinesseenin instanta-
neous results is primarily causedby motion of the
canards. However, comparisorbetweencanardmotion
andresultingforcesandmomentsis complicatedoy the
rotatingframework usedfor presentatiorof the pitching
sequence.lt is not olvious, for example,thatthe com-
puted force in Figure 30 correspondgo the pitching
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sequencén thesamefigure. Looking atthethreepitch-
ing sequence Figure 31, it is notimmediatelyclear
whatto expectof changesn roll-averagedforceswhen
thecommandevel is changedandif thesechangegan
be modeled well by linear interpolation, fotaenple.

A methodof classifyinga canardpitchingsequence
is proposedhereto aid in the understandingpf com-
putedresults,andto provide a tool for interpolationof
roll-averagedforces and moments between different
commandevels. Theapproachakenis to derive amea-
sureof the aerodynamidorce on the canardsasa func-
tion of canardorientation,which is basicallythe same
approachas using angle-of-attacko evaluatelift on a
2D airfoil. Here,theforce (vector)is averagedcoverone
missilerevolution to representhe meanforce vectoron
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the canards.As discusseckarlier the canardforcesare
not the only contritutorsto changesn overall missile
forces,but shouldbe the bestsingle-parametespproxi-
mation.

Two cartesiarright-handedco-ordinatesystemsare
usedin the analysis.The x-y-z systemis in the inertial
frame,with the x-axispointingnoseto tail, y-axis point-
ing to the side, and the z-axis pointing up (seeFigure
40). The r-st systemis initially orientedasthe x-y-z
system,correspondingo horizontal canardswith zero
pitch. However, the r-st system rotates with the
canards. The movementof the r-s-t basisvectorsare
evaluated as folls:

i. Thepitch axis e, is rotatedaroundthe inertial

frame x-axis with the roll-angle.

The e, basisvectoris rotatedaroundthe new
e, with the canard pitch angle.

The e, basisvectoris computedasthe cross-
producte, x e,

Figure 40. r-s-t rotating reference frame basecors
relative to inertial frame x-y-z coordinatees

The canardangle-of-attackvector o?c, is proposed
in Equation2 as a single parametemapproximationfor
changesn missileloadsdueto changesn canardcom-
mand leel.

u +u

h

2
;
]

@

2
i U

2 2
Jur +ug

a, =g sin ( ) 2)

@

b istheupstreanvelocity vectoratthe missileangle-of-
attack,a. It hascomponentsi, , ug, andu, in therotat-
ing system.

The three terms in Equation 2 are:

1 A directionvector normalto the canard.This
approximateghe direction of the force acting
on the canard.

2 A fraction of the dynamic pressurevarying
betweerD and1. Thisreducegsheforceonthe
canard according to the local "side-slip" angle.

3 The local angle-of-attack in thies-t system

a, is a measureof the force acting on the canard,
expressedas an angle-of-attack. The inertial frame
component®f this vectoraredefinedasaxial, side,and
normal canard angles-of-attack (Vi@ey, Oy, andacy).

The “effective” canardangle-of-attackvector o,
is obtainedby averagingoTc throughone period of the
pitching sequence. The inertial frame componentf
this quantity are intendedto describethe effect of a
canardpitching sequenceon the roll-averagedforces.
Figure41 shows resultsfor a casefor a = 0° andcom-
mandlevel 100%. Thesolidline is theC, obtainedrom
the V2 simulationresults(scaleshavn on the left verti-
cal axis). The dashedine is the canardnormalangle-
of-attack, a., , computedfrom the pitching sequence
(scaleshavn on theright vertical axis). The dottedline
is the canardpitching sequencegscale shovn on the
right verticalaxis). Thescalesverechoserto show the
excellentcorrelationbetweenthe V2 simulationresults
andthe geometricquantity o, (canardnormalangle-
of-attack). The side-forceshavs similar behaior. This
indicatesthatthe canardangle-of-attackectoris a use-
ful estimator of forces on the canards.

The effective canard angles-of-attack(i.e., roll-
averagedinertial frame componentsof oTC) for the
threecanardpitching sequenceat o = 0° arelisted in
Table4. Thesenumbersarecomputedirom the pitch-
ing sequencalone,andcanbe usedasa first guessfor
trendsin roll-averagedorces. An increasen command
level gives mainly an increasein the effective normal
canard angle-of-attack (a.,), but also gives small
increasesn ag., ando..,. Increasingthe command
level from 100%to 200%increaseshe effective normal
canard angle-of-attackby 27%. The corresponding
increasdor the computedhormalforce for the V2 solu-
tion is also27%. The correspondinghumberdor effec-
tive side canardangle-of-attackand V2 solution side
force showv increasesof 19% and 26%, respectiely.
Thesearealsoin reasonablygoodagreementonsider-
ing that the side forces are small.
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Figure4l. Canard NORMAL FORCE coiédient and angle-of-attack, = 0°, ¢ = 100%

Table 4. Effective Canard Angles-of-attack

Command leel
e 0%  100%  200%
U (@a)| 27 28 32
Ueey (side)| 0° 1.2 1.4
O, (NOrmal)| 0° 6.3 8.¢°

* Effective angles for three pitching sequences a
free-stream angle-of-attaak,= (°.

In otherwords, lacking simulation (or experimen-
tal) datafor 200%commandevel, goodestimate®f the
sameareeasilyobtainablebasedon linear extrapolation
asa function of effective canardangles-of-attack. Lin-
ear extrapolationbasedon commandlevel would fail,
indicating an increaseof 100% for both side force and
normal forces. This illustratesthat the roll-averaged
forces are non-linearfunctions of the commandlevel,
and that effective canard angles-of-attackare better
suitedto aid interpolationand extrapolationof results
between commandvels.

6. CONCLUSIONS

A genericmissilehasbeendefinedandanalyzedo
demonstrat¢headvantagesindlimitationsof anoverset

grid approachto the aerodynamigerformancepredic-
tion of rolling airframe missile systems. A computa-
tionalinvestigationhasbeencarriedoutto determinehe
resolution requiredfor accurateprediction of surface
loadsandto determingherelative aerodynamigignifi-
canceof viscousandmissileroll-rate effects. Theaero-
dynamic performanceof the missile as a function of
angle-of-attackand canardpitching sequencéhas also
been considered.

A moderateviscousgrid systemof 8 million points
is a good compromisebetweensolution accurag and
casethroughput. Instantaneouandroll-averageforces
and momentsfrom the moderateviscousgrid are com-
parableto thoseobtainedin the high resolutionbaseline
solution. Grid corvergenceof all forcesand moments
(except drag and rolling moment) were obtained.

Significantviscouseffectsareapparentor theroll-
ing airframe missile systemconsidered. An inviscid
solution has no capacity to accountfor interactions
betweenthe canardvortices and the missile boundary
layer The consequencef this inadequag is incorrect
positioningand strengthof the inboardcanardvortices
andincorrectpredictionof the secondaneffectsof the
canardson fuselageand fin surface pressures. The
inviscid resultsmatchwell with the viscoussolutions
when the canardsare in transition betweenmaximum
positve and negative deflectionangles. During this
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interval, the canardvorticesareof minimal strengthand
the inviscid flow approximation is good.

Variationof roll-ratein therangeof 0 to 10Hz does
not have a significantaffect on roll-averagedorcesand
momentdor the FM-3 missile. The effectson instanta-
neousloadsare alsominimal. The effects manifestas
small roll-angle leads or lags in the load history

A single parametemmethod of approximationfor
changesn missileloadsdueto changesn canardpitch
anglecommandevel is presented.The approximation
methodhelpsinterpretthe physical significanceof sim-
ulationresultsandprovidesa powerful tool for interpo-
lation of resultsbetweenknown datapoints. As such,
the methodis a quick andinexpensve meansof supply-
ing missing data, or for databasepansion.

An oversetstructuredgrid domain decomposition
methodenableaccurateandefficient simulationof roll-
ing airframemissile configurationghatinvolve relative
motion betweensystemcomponents. Casethroughput
ratesaresufiicientto contemplat@aerodynamidatabase
populationwith Navier-Stokes solutions. It is signifi-
cantto notethattime-accuratsimulationfor onerolling
airframecasewith OVERFLOW-D is muchlessexpen-
sive than generatingthe samedatavia corresponding
guasi-staticsolutionsfor neededoll-anglesand canard
pitch positions. Eachquasi-staticsolution costsa sig-
nificant fraction of a single time-accuraterolling air-
frame solution. A combination of time-accurate
simulationsfor a relatively small numberof pitching
sequenceandthecanardangle-of-attackasedapproxi-
mation method representa powerful way to quickly
populate a laye aerodynamic data base.
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